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ABSTRACT
In this work we report the oxidation of volatile organosulfur compounds (VOC) catalyzed by the enzyme 









we found that only enzymatic oxidation occurred in this system; by controlling the enzyme and peroxide 
FRQFHQWUDWLRQZHIRXQGWKDWWKHVXEVWUDWHLVWUDQVIHUUHGWRWKHDTXHRXVSKDVHZKHUHPRORIHQ]\PH
FRQYHUWHGDSSUR[LPDWHO\PRORIVXEVWUDWHWKXVKLJKOLJKWLQJWKHSRWHQWLDORIHQ]\PDWLFWUHDWPHQW
of malodorous gaseous streams.
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RESUMEN
En este trabajo reportamos la oxidación de una serie de compuestos organoazufrados volátiles (COV) 
catalizada por la enzima cloroperoxidasa obtenida del hongo Caldariomyces fumago. Los COV se 
consideran contaminantes atmosféricos debido a su olor desagradable y a su bajo umbral de detección. 
(OVXOIXURGHHWLORGLVXOIXURGHGLPHWLORSURSDQRWLROEXWDQRWLRO\KH[DQRWLROIXHURQWUDQVIRUPDGRVSRUOD
enzima en un medio de reacción acuoso a pH 6 y en presencia de peróxido de hidrógeno. El análisis 
GHORVSURGXFWRVGHPRVWUyTXHORVVXOIXURVIXHURQR[LGDGRVDVXVUHVSHFWLYRVVXOIy[LGRVPLHQWUDVTXH
ORV WLROHV IXHURQR[LGDGRVD VXVFRUUHVSRQGLHQWHVGLVXOIXURV /RVSURGXFWRV LGHQWLÀFDGRV WLHQHQXQD
SUHVLyQGH YDSRU VLJQLÀFDWLYDPHQWHPHQRU TXH ORV FRPSXHVWRV RULJLQDOHV SRU OR TXH VRQPXFKR







enzimáticos para las corrientes gaseosas con mal olor por COV.
Palabras Clave: Biocatálisis ambiental, compuestos organoazufrados, cloroperoxidasa, peroxidación, sustratos volátiles.
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hloroperoxidase (CPO, EC 1.11.1.10) f rom 
Caldariomyces fumago is an attractive enzyme 
for application in several and diverse fields 
VXFK DV WKH ¿QH FKHPLFDO DQG SKDUPDFHXWLFDO
INTRODUCTION
C
industry[1], diagnosis[2] as well as the oil-related industry[3] 
and environment remediation[4,5]. The versatility of CPO is 
determined by its ability to catalyze different reactions under 
controlled conditions, including halogenation (chlorination, 
bromination and iodination), dehydrogenation, oxygen 
insertion and peroxide dismutation. In addition, low substrate 
VSHFL¿FLW\DOORZV&32WRFDWDO\]H WKH WUDQVIRUPDWLRQRID
wide range of compounds of different chemical nature[6]. 
One of the most interesting catalytic modality of CPO is 




compounds is well established. The enantioselective generation 
of (R)-sulfoxides catalyzed by CPO has been thoroughly 
studied. The enzyme is able to catalyze the oxidation of 
ȕFDUERQ\O VXO¿GHV F\FORDON\O PHWK\O VXO¿GHV DON\O DU\O
VXO¿GHVGLDON\OVXO¿GHVDQGF\FOLFVXO¿GHVWRWKHLUUHVSHFWLYH
(R)-sulfoxides[7-9]. The enantioselectivity is generally favored 
in the absence of halogen ions and pH near neutrality (pH 6). 
On the other hand, under acidic conditions (pH 3) and in the 
presence of chloride, the enzyme catalyzes the oxidation of 
VXO¿GHVWRWKHUDFHPLFPL[WXUHRIVXOIR[LGHV[10]. Under these 
conditions, the sulfoxidation of aromatic and heterocyclic 
compounds has been reported[11] )XUWKHUPRUH VLJQL¿FDQW
enzymatic transformation of the sulfur-containing fraction in 
straight diesel fuel has been demonstrated, thus highlighting 
the ability of CPO to catalyze the oxidation of chemically 
diverse organosulfur compounds[12].
Short-chain, volatile organosulfur compounds (VOC) have low 
odor threshold and very unpleasant odor, characteristic of the 
putrid odor of rotten egg and vegetables[13]. Exposure to even low 
concentrations of these compounds leads to dizziness, vomiting, 
headaches and eye irritation[14]. Thus, these compounds are 
FODVVL¿HGDVDWPRVSKHULFSROOXWDQWVSDUWLFXODUO\DIIHFWLQJWKH
area surrounding sources of emission, such as waste water 
treatment plants, composting sites, paper pulping process and 
thermal-sludge treatment plants[15].
&RQVLGHULQJWKHORZVSHFL¿FLW\RI&32IRUVXOIXUFRPSRXQGV
and the environmental problem that VOC represent, it was 
interesting to study the ability of the enzyme to catalyze the 
R[LGDWLRQ RI VKRUWFKDLQ YRODWLOH VXO¿GHV DQG WKLROV 7KH
UHVXOWVDUHIRFXVHGRQWKHNLQHWLFEHKDYLRURIWKHHQ]\PHWKH
LGHQWL¿FDWLRQ RI SURGXFWV DQG WKH RSHUDWLRQ RI D WZRSKDVH
reactor for the removal of VOC from a gaseous stream.
MATERIALS AND METHODS
Chemicals and enzyme. CPO was produced from 
Caldariomyces fumago8$0+DQGSXUL¿HGDVUHSRUWHG






GLVXO¿GH SURSDQHWKLRO EXWDQHWKLRO KH[DQHWKLRO DQG SKHQ\O
VXO¿GHZHUHSXUFKDVHGIURP6LJPD&R2UJDQLFVROYHQWVDQG
VDOWVZHUHREWDLQHGIURP-7%DNHU
Kinetic characterization of CPO-catalyzed oxidation of 
VOC. Biocatalytic oxidation of organosulfur compounds was 
performed at 25°C in closed vials, to prevent volatilization of 
the substrates. Kinetic characterization was performed using 
substrate concentrations of up to 5 mM, due to insolubility of the 
compounds. The reaction mixture contained 10% acetonitrile, 60 




. The reaction was 
started by addition of the enzyme (0.05-0.1 nmol). Substrate 
conversion was monitored by UV absorbance (typically 220-
QPLQD3HUNLQ(OPHU'$'WKURXJKUHYHUVHSKDVH+3/&
+\SHUVLO2'6;ȝPFROXPQIURP$JLOHQWXVLQJD
30% acetonitrile/70% water isocratic phase. Reduction in the 
area of the UV signal was used to calculate substrate conversion. 
Reaction rate was calculated as the ratio of substrate conversion 
to reaction time. Controls with peroxide and without enzyme 
were also performed, in order to calculate the non-enzymatic 
conversion. Kinetic characterization was performed using 
substrate concentrations of up to 5 mM, due to insolubility of 





 was calculated from the slope of 
the linear section in the initial rate vs substrate concentration 
plot. For the control reactions, in the absence of the enzyme and 
in the presence of peroxide, the rate constant of non-enzymatic 
FRQYHUVLRQN
non
) was also calculated from the slope of rate vs 
substrate concentration plot. Results shown are the average of 
at least three independent reactions. 
3URGXFW LGHQWL¿FDWLRQ )RU SURGXFW LGHQWL¿FDWLRQ P/
reactions were monitored until at least 70% substrate conversion 
was achieved. The reaction mixture was extracted with 





and analyzed through gas chromatography (Agilent 6890N) 
coupled to a mass selective detector (Agilent 5973). A nonpolar 
+3PVFROXPQP[PP[ȝPRSHUDWLQJDWORZ
temperature (typically 40°C) was used to separate and identify 
the products.
Reactor operation. A two-phase reactor was assembled as 
follows. An air stream was passed through a reservoir containing 
P/RIP0RIGLPHWK\OGLVXO¿GH'0'6LQDFHWRQLWULOH
and the resulting DMDS-enriched stream was bubbled at the 
ERWWRPRIDJODVVYHVVHOFRQWDLQLQJP/RIWKHOLTXLGUHDFWLRQ
medium (15% tert-butanol and 85% 60 mM phosphate buffer 
S+  *DV ÀRZ ZDV PDLQWDLQHG EHWZHHQ  P/PLQ
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total duration of each experiment (i.e. until the reservoir was 
H[KDXVWHGZDVDURXQGPLQ(Q]\PHȝPRO&32 




extremely low and could not be accurately determined. 
Conversion calculations of the enzymatic reaction in the 
reactor. Product concentration in the system was calculated 
form a calibration curve. The ratio of total product accumulated 
LQWKHOLTXLGSKDVHWRWKHWRWDODPRXQWRIHQ]\PHDGGHGWRWKH
OLTXLGSKDVHZDVFDOFXODWHGIRUHDFKFRQGLWLRQWHVWHGLQWKLV





 in most cases. Experiments were 
performed at least in duplicate. 
RESULTS AND DISCUSSION
$OO FRPSRXQGV WHVWHG LQ WKLVZRUNZHUH WUDQVIRUPHG LQ WKH
presence of CPO at pH 6 in a reaction medium containing 
10% organic solvent. Under these conditions, non-enzymatic 
oxidation of the substrates also occurred. The rate of the 
enzyme-catalyzed reaction was calculated as the difference 
between the total rate in the presence of the enzyme and peroxide 
minus the control rate in the presence of only peroxide. In 









reactions were calculated from the linear section of the rate vs 
substrate concentration plot, as described in the experimental 
VHFWLRQDQGDUHVKRZQLQ7DEOH,7KHFDWDO\WLFSUR¿FLHQF\
also shown in Table I, is the ratio of these rate constants and 
has been interpreted by other authors as the ability of enzymes 
to lower the activation barrier of the reaction[17]. In units of 
FRQFHQWUDWLRQWKHFDWDO\WLFSUR¿FLHQF\UHODWHVWRWKHDI¿QLW\
between the enzyme and the chemically distorted substrate in the 
transition state. According to our data, the dissociation constant 
of VOCs is in the range of 100 nM or less, suggesting a mild 
interaction within the active center of the enzyme. 
7KHUHDFWLRQSURGXFWVLGHQWL¿HGE\PDVVVSHFWURPHWU\DUH
shown in Table II and Figure 1; no other products could be 
detected. Physical properties of substrates and products are 
shown in Table III. The oxidation generates compounds 
with higher boiling points, reduced vapor pressures and thus 
GHFUHDVHGYRODWLOLW\&RQVHTXHQWO\WKHR[LGDWLRQGHFUHDVHV
the atmospheric pollutant character of the studied sulfur 
FRPSRXQGV :H REVHUYHG WKDW WKH R[LGDWLRQ RI VXO¿GHV
generated the corresponding sulfoxides, as expected. It 
LVZHOO NQRZQ WKDW WKH&32 FDWDO\WLFPHFKDQLVP IRU WKH
R[LGDWLRQ RI VXO¿GHV LQYROYHV D GLUHFW R[\JHQ WUDQVIHU






into the sulfoxide[19]. The formation of a short-lived sulfur-
EDVHGIUHHUDGLFDOKDVDOVREHHQLQYRNHGEXWKDVQRWEHHQ
demonstrated yet[20]. On the other hand, we observed that 
WKLROVZHUHR[LGL]HGWRWKHFRUUHVSRQGLQJGLVXO¿GHV7KLV
reaction has not been described before for CPO. The non-
HQ]\PDWLFIRUPDWLRQRIDGLVXO¿GHKDVEHHQUHSRUWHGDVD
FRQVHTXHQFH RI &32FDWDO\]HG KDORJHQDWLRQ RI WKLROV DW
acidic pH[21], thus ruling out a similar mechanism under the 
peroxidatic conditions (i.e pH 6 and absence of KCl) used 
LQWKHSUHVHQWVWXG\,QRUGHUWRIXUWKHUFRQ¿UPWKLVW\SHRI
UHDFWLRQEHLQJFDWDO\]HGE\&32ZHDOVRLGHQWL¿HGGLSKHQ\O
GLVXO¿GH VHH7DEOH ,, DV WKHSURGXFW RI WKHR[LGDWLRQRI
an aromatic thiol, benzenethiol. This reaction has been 
reported for other heme proteins such as myeloperoxidase 
(MPO) and horseradish peroxidase (HRP) using aliphatic 
thiols as substrates; it has been noted that oxidation rate 
is widely variable for these enzymes. For example, HRP-
catalyzed oxidation of cysteine and cysteine derivatives 
showed rate constants in the range of 24-660 M-1 s-1; only 
cysteine methyl ester and 2,3-dimercaptopropanol showed 


















'LPHWK\OGLVXO¿GH 13040 (0.8116) 0.305 (0.9881) 42.76 x106
'LHWK\OVXO¿GH 4290 (0.9022) 0.248 (0.9220) 17.28 x106
n-propanethiol 23330 (0.7592) 0.450 (0.9900) 51.84 x106
n-butanethiol 18180 (0.7027) 0.690 (0.9054) 26.34 x106
n-hexanethiol 2630 (0.9430) 0.596 (0.7845) 4.41 x106
*In parenthesis, the R2 of the linear correlation is shown.
Table I. Kinetic characterization of CPO-catalyzed (kcat/Km) and uncatalyzed (knon) oxidation of volatile organosulfur compounds 
in a system containing 10% acetonitrile.
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M-1 s-1, respectively[22]. On the other hand, MPO seemed 
less sensitive to the nature and charge of the substrate, which 
were oxidized with rate constants in the range of 103-104 M-1 s-1 
[23],QWKHFDVHRIWKHVXEVWUDWHVDQDO\]HGLQWKLVZRUNWKHUDWH
constants of the CPO-catalyzed reaction are in the range of 
103-104 M-1 s-1 (Table I), thus highlighting the potential of this 
versatile enzyme. Regarding the possible mechanism, the 
reaction could involve the formation of free radicals; it 
has been suggested that the first enzymatic intermediary 
of the catalytic cycle, an oxo-ferryl radical cation called 
Compound I, may be able to subtract an electron from the 




described in the experimental section and contacted with an 
DTXHRXVUHDFWLRQPHGLXPFRQWDLQLQJS+SKRVSKDWHEXIIHUDQG
15% tert-butanol in order to favor the solubility of the substrate 
and stability of the enzyme; for this system tert-butanol was 
chosen as organic solvent because it has been reported to be 
less deactivating for the enzyme, compared to acetonitrile. The 
system is schematized in Figure 3A. DMDS was selected as 
model substrate due to a higher enzymatic conversion compared 
to the non-enzymatic conversion (Table I). Different enzyme 
and hydrogen peroxide concentrations were assayed and product 
IRUPDWLRQZDVPRQLWRUHGWKURXJK+3/&REWDLQLQJSUR¿OHV
similar to the one shown in Figure 3B. Product formation was 
attributed solely to enzyme catalysis, as proper controls showed 
little chemical oxidation in the absence of enzyme (less than 
0.1 mM product), probably due to low substrate concentration 
in the system. The maximum amount of product found in the 
DTXHRXVVROXWLRQZDVP07KHUDWLRRIPRORISURGXFW
per mol of added enzyme (P/E) was calculated under different 
conditions, as shown in Table IV. The P/E ratio increased with 
enzyme concentration, up to a maximum value near 12,100 
mol of product/mol of enzyme (condition A and B); further 
addition of enzyme resulted in lower P/E ratio (condition E). 
These observations suggest that the reaction is not limited 





















 a, Ref. 18
Substrate Product Spectral ions (m/z)
'LPHWK\OGLVXO¿GH 6R[LGHGLPHWK\OGLVXO¿GH 110(78)[M+], 95(41),79(6),64(100),45(98)
'LHWK\OVXO¿GH Diethyl sulfoxide 106(14)[M+],90(2),78(100),63(69),50(51)
n-Propanethiol (3) 3URS\OGLVXO¿GH 150(33)[M+],108(23),43(100),27(13)
n-Butanethiol (4) %XW\OGLVXO¿GH 178(39)[M+],122(36),57(100),41(52),29(38)
n-Hexanethiol (5) +H[\OGLVXO¿GH 234(184)[M+],150(27),117(19),85(33),55(18),43(100)
Benzenethiol (6) 3KHQ\OGLVXO¿GH 218(62)[M+],185(16),154(18),109(100),77(11),65(44)
Values in parentheses are relative abundances. [M+], molecular ion.
Table II. Mass spectra data of the products generated from CPO-catalyzed oxidation of VOC.
Table III. Physical properties of the studied VOC and the 
generated products.
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)LJXUH,GHQWLÀHGSURGXFWVRIWKLROR[LGDWLRQFDWDO\]HGE\FKORURSHUR[LGDVHLQDUHDFWLRQV\VWHPFRQWDLQLQJDFHWRQLWULOH
Numbering corresponds with Table II.
and converted to product, a maximum concentration of 6.46 




 is 4 mM, the oxidant 
could be limiting the substrate conversion, thus successive 




 (total 8 mM) were tested (condition 




led to extremely 
ORZFRQFHQWUDWLRQVRISURGXFW,WLVNQRZQWKDWLQWKHDEVHQFH
RI DQ HI¿FLHQW HOHFWURQ GRQRU VXEVWUDWH SHUR[LGDVHV DUH
LQDFWLYDWHGLQDVXLFLGHOLNHIDVKLRQ[24,25]. Finally, in order to 




 (3.5 mM) 
EXWGRVL¿HGLQPRUHDGGLWLRQVDGGLWLRQVRIP0FRXOG
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)LJXUH6XJJHVWHGPHFKDQLVPIRUWKHR[LGDWLRQRIWKLROVWRGLVXOÀGHVFDWDO\]HGE\SHUR[LGDVHVLQWKHSUHVHQFHRIK\GURJHQ
peroxide.


















































A                                          B                                          
Cruz, J.C. et al.: Enzymatic oxidation of volatile malodorous organosulfur compounds 11junio, 2015
CONCLUSIONS
In conclusion, CPO from C. fumago is able to catalyze the 
R[LGDWLRQRIVKRUWFKDLQVXO¿GHVDQGPHUFDSWDQVWRJHQHUDWHWKH
FRUUHVSRQGLQJVXOIR[LGHVDQGGLVXO¿GHV7KHSURGXFWVDUHOHVV
volatile compounds, and its ability to pollute the atmosphere 
is thus reduced by oxidation. Based on limiting concentrations 
of peroxide, a ca. 40% conversion of the volatile compound 
contained in a gaseous stream was achieved, by controlling the 
concentration of enzyme in the reactor. 
This example of a peroxidase able to catalyze the oxidation of 
volatile sulfur hydrocarbons highlights the versatility of low 
VSHFL¿FLW\HQ]\PHV LQ WKHHQYLURQPHQWDO¿HOG WKLV UHDFWLRQ
could be of practical application in the remediation of gaseous 
HIÀXHQWV )XUWKHU LPSURYHPHQW RI WKH V\VWHP LV QHFHVVDU\
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